Abstract Previously, we have demonstrated that inhibition of Hedgehog pathway induces predominantly apoptosis in diffuse large B-cell lymphoma (DLBCL) cell lines of activated B-cell (ABC) type but predominantly cell cycle arrest in those of germinal center (GC). Here, we explored the possibility of overcoming the resistance to apoptosis to SMO inhibitors in five DLBCL cells of GC type using the combination of the SMO inhibitor HhAntag (Genentech Inc) with the BH3 mimetic ABT-737 (Abbott Laboratories). As controls we have used two DLBCL of ABC type (OCI-LY10 and OCI-LY3). Combinatorial treatments were performed with increasing concentrations of the HhAntag with low doses (equal or less than the IC 20 ) of ABT-737. MTS assays were used to detect changes in cell viability and Annexin-V and PARP1 cleavage assays were used to detect apoptosis. Combining low doses of ABT-737 with increasing concentrations of HhAntag in GC DLBCL cell lines resulted in significantly increase of apoptosis in comparison to treatments with the SMO inhibitor alone. We concluded that in GC DLBCL cell lines, in contrast to those of ABC type, functional inhibition of BCL2 family members is usually needed to overcome the resistance to apoptosis to SMO inhibitors.
Introduction
Diffuse large B-cell lymphoma (DLBCL) is the most common lymphoid malignancy in adults, representing almost 40 % of cases of non-Hodgkin's lymphoma [1] . There are two main molecular subtypes of DLBCL, germinal center (GC) and activated B-cell (ABC) that have distinctive cytogenetic and molecular features supporting the rationale that these two subtypes are distinct entities [2] [3] [4] [5] . It has been proven that DLBCL is one of the neoplasms most sensitive to chemotherapy. With standard treatments, consisting of combination of chemoimmunotherapy, certain percentage of patients can be cured. However, many (∼50 %) of newly diagnosed patients will not be cured with the available protocols and treatment options are limited [1, 6] . Therefore, novel treatment strategies based on better understanding of disease biology are needed.
Antiapoptotic proteins are key mediators of programmed cell death that are frequently expressed in malignant lymphomas [7] . For example, BCL2 is constitutively overexpressed in almost all follicular lymphomas and in almost 40 % of DLBCL as a consequence of BCL2 gene amplification or the t (14;18) [8, 9] . Proteins of the BCL2 family are key regulators of apoptosis and the role of these proteins in inhibition of apoptosis and resistance to chemotherapy treatments has been widely demonstrated [10, 11] . The antiapoptotic proteins BCL2, MCL1, BCL-XL, and BFL-1/A1 share homology in the BH1, BH2, BH3, and BH4 domains. The proapoptotic BH3-only family members (BAD, BIK, NOXA, HRK, BMF, and PUMA) share homology only in the BH3 domain, which is essential for prodeath function. These proteins cause mitochondrial permeabilization and commitment the cell to death (apoptosis).
ABT-737 (Abbott Lab, IL) is a BH3 mimetic that inhibits pro-survival members of the BCL2 family, including BCL-XL, BCL-2, and BCL-W, and induces BAX/BAK-dependent apoptosis [12] [13] [14] . Targeting antiapoptotic BCL2 family members with small molecule inhibitors such as ABT-737 to lower the threshold to induce apoptosis represents a new opportunity to overcome chemotherapy resistance making these compounds potentially complimentary to conventional or targeted cytotoxic drugs.
Previously, we have demonstrated that Hedgehog (Hh) signaling is functional in DLBCL and that its inhibition, using the smoothened (SMO) inhibitor cyclopamine-KAAD, induced apoptosis in DLBCL cell lines of ABC type but not or little apoptosis, in those of GC subtype [15, 16] . The main effect of inhibition of Hh signaling in DLBCL of GC type was cell cycle arrest [15] . We have also found that inhibition of Hh pathway signaling in DLBCL of ABC type was associated with decrease of mRNA and protein levels of BCL2, a direct downstream target of GLI1 [17, 18] ; however, in GC DLBCL cells inhibition of Hh pathway resulted in little or no decrease of BCL2 expression [15] . These findings suggest that the lack of decrease in the expression of BCL2 seen in GC DLBCL cells after inhibiting Hh signaling may be one factor contributing to apoptosis resistance to SMO inhibitors in DLBCL of GC type.
Here, we sought to investigate if adding low-doses of a functional BCL2 inhibitor along with a Hh inhibitor may increase the susceptibility to apoptosis in GC DLBCL cell lines. To inhibit SMO we used HhAntag, drug developed by Genentech (Genentech Inc, San Diego, CA), and for the functional inhibition of BCL2 family members we used the BH3 mimetic ABT-737 developed by Abbott Laboratories (Abbott Lab). Our findings indicate that functional inhibition of BCL2 family members is needed to increase the susceptibility to apoptosis to SMO inhibitors in DLBCL of GC type.
Materials and methods

Cell lines and drugs
Five GC DLBCL cell lines, DOHH2, SuDHL4, OCI-LY19, HT (from DSMZ; Germany), and Toledo (ATCC; Manassas, VA) were used. Two ABC DLBCL (OCI-LY3 and OCI-LY10) cell lines were also used. OCI-LY3 and OCI-LY10 were kindly provided by Michael G Rosenblum (Department of Experimental Therapeutics, MD Anderson Cancer Center). These cell lines have been validated using conventional karyotyping at the core facility in our institution. All the GC DLBCL cell lines with the exception of HT had the t(14;18)(q32;q21). All cell lines were maintained at 37°C in RPMI 1640 (ATCC) with 10 % heat-inactivated fetal bovine serum (FBS; Sigma, St Louis, MO) in a humidified atmosphere containing 5 % CO 2 .
We used a novel Hh inhibitor named HhAntag developed by Genentech (Genentech Inc) and the BH3 mimetic ABT-737 (Abbott Lab). HhAntag is a small molecule that belongs to the benzimidazole chemical family (C 24 H 23 CLN 4 O 3 -2HCL) [18] . ABT-737 is a BH3-only mimetic with high affinity to BCL-XL, BCL-2, and BCL-W [13, 14] .
Cell viability and apoptosis assays ABT-737 and HhAntag were diluted in DMSO. Typically, for each condition 20×10 3 cells were plated in triplicates in RPMI 1640 media with 2 % FBS and desired concentrations of ABT-737 and HhAntag. After 48 h, cell viability was assessed using a MTS kit (Cell Titer 96 Aqueous One Solution from Promega, Madison, WI). For Toledo and OCI-LY19 cell lines, higher number of cells (70×10 3 ) was needed in order to get measurable optical density readings for the MTS assay. For each cell line MTS assays were done in triplicate and repeated at least twice. For Toledo cells the cell count assay Vi-Cell viability analyzer (Beckman coulter) was also used.
Apoptosis was detected by using the Annexin V and PI staining kit (BD Biosciences PharMingen, San Jose, CA) according to the manufacturer's instructions. Briefly, cells were plated at a density of 0.75×10 6 cells/mL in RPMI 1640 media with 2 % FBS with desired concentrations of ABT-737 and HhAntag. At 48 h post-treatment the cells were harvested and tested for apoptosis by Annexin V and PI staining. For each cell line Annexin V assays were performed in triplicate and repeated at least two times. Apoptosis was also determined by the cleavage of the polyADP-ribose polymerase 1 (PARP1) nuclear enzyme (Cell Signaling Technology, Beverly, MA). When the cells undergo apoptosis, PARP1 (116 kDa) is cleaved by caspase-3 and caspase-7 to generate two fragments of 85 and 24 kDa [19] .
Western blot analysis
Western blotting was performed as described previously [15] . Briefly, 0.75×10 6 cells/mL were cultured in RPMI 1640 media with 2 % FBS with the desired concentrations of each drug alone or in combination (ABT-737 and HhAntag) and harvested 24 or 48 h post-treatment. Proteins were extracted from total cell lysates and resolved on 10 to 15 % SDS-polyacrylamide gel electrophoresis. The following monoclonal and polyclonal antibodies were used: BCL2, BCL-XL, BCL-W, BIM, BAX (Cell Signaling Technology), and β-actin (Sigma, St Louis, MO).
Statistical analysis
A two-tailed paired Student's t test was used to evaluate the statistical significance of the changes noted in cell death after drug treatments. A p value<0.05 was considered to be statistically significant.
Results
Combined treatments using IC 20 doses of ABT-737 with increasing concentrations of HhAntag resulted in decreased cell viability in a subset of GC DLBCL cell lines Using MTS assays, we calculated the IC 20 of ABT-737 for each cell line at 48 h. These data are shown in Table 1 . The IC 20 of ABT-737 for the different cell lines range from 1 nM to 2.5 μM. For the co-treatment experiments with the HhAntag, we chose an ABT-737 dose not higher than the IC 20 . Co-treatments with the fixed dose of ABT-737 (≤IC 20 ) along with increasing concentrations of HhAntag ranging between 1.0 to 7.5 μM were performed as previously published [15, 20] . All the DLBCL cell lines used in this study express SMO and GLI1 [15] . The effect of HhAntag on the activation status of Hh signaling was determined by qRT-PCR measuring levels of expression of GLI1, the most reliable indicator of the activation status of the Hh signaling pathway. Treatments with SMO inhibitors, including HhAntag, reduced GLI1 mRNA in a concentrationdependent manner [15, 20] .
Co-treatments with ABT-737 and increasing concentrations of HhAntag for 48 h resulted in a modest decrease in cell viability in three cell lines DOHH2, SuDHL4, and HT, in comparison with HhAntag alone (Fig. 1a and c) . In DOHH2, a decrease on cell viability was seen by adding 1 nM of ABT-737 to 7.5 μΜ of the HhAntag. In SuDHL4 cells, a modest decrease on cell viability was seen by adding 10 nM of ABT-737 along with 2.5, 5, and 7.5 μΜ of the HhAntag, and, in HT cells, a decrease on cell viability was mainly seen by adding 10 nM of ABT-737 to 5 and 7.5 μΜ of the HhAntag. No effects on cell viability were seen combining ABT-737 with HhAntag in OCI-LY19 and Toledo ( Fig. 1d and e) . However, these two cell lines have a low-metabolic activity that may decrease the sensitivity to detect differences on cell viability using MTS assays. In Toledo cells, an additional viability assay based on tryphan blue incorporation, Vi-Cell viability analyzer (Beckman coulter), was used. Using this assay, a decrease on cell viability was seen by adding 10 nM of ABT-737 to increasing concentrations of HhAntag (Supplementary Figure 1) .
Combined treatments of IC 20 -doses of ABT-737 with increasing concentrations of HhAntag resulted in significant increased apoptosis in GC DLBCL cell lines
The IC 20 for ABT-737 at 48 h for each cell line was calculated using Annexin V and PI assays and these doses were used for the combined treatments with the HhAntag. As shown in Fig. 2 , co-treatments with IC 20 doses of ABT-737 along with increasing concentrations of the HhAntag for 48 h resulted in a statistically significant increase of apoptosis in four out of five cell lines analyzed (Table 2 and Fig. 2a to e).
When DOHH2 cells were treated with 1 nM of ABT-737 only 7 % of the cells were apoptotic. However, adding 1 nM of ABT-737 to 2.5 and 7.5 μM of HhAntag resulted in at least 2-fold increased in the apoptotic rate compared with the same concentrations of the SMO inhibitor alone. In HT cells adding 2.5 μM of ABT-737 to 5 μM HhAntag resulted in a 3-fold increase of the apoptotic rate. In OC-LY19 cells, combining 2.5 nM of ABT-737 with 5 μM of HhAntag resulted in 1.5-fold increased in the apoptotic rate with an apoptosis rate of 70 %. Toledo was the cell line more sensitive to the addition of ABT-737 to the HhAntag as adding 10 nM ABT-737 to 5 μM or 7.5 μM of HhAntag resulted in at least 2-fold increased in the apoptotic rate and an apoptotic rate of 66 and 89.4 %, respectively. In SuDHL4 cells adding 10 nM of ABT-737 to increasing concentrations of HhAntag resulted in slight increase of the apoptosis rate but these differences were not statistically significant.
The increased apoptotic rate as a consequence of combining low doses of ABT-737 with HhAntag was further The IC20 doses for each cell line were used for the combined treatments with the HhAntag supported by the increased cleavage of PARP1 seen with the drug combination in comparison to the cleavage of PARP1 obtained with each drug alone ( Fig. 3a and e) . Altogether, these data show that combining a SMO inhibitor with low doses of a functional BCL2 inhibitor, significantly increase the apoptotic ratio in most of GC DLBCL cells.
Effect of the HhAntag treatment on the expression levels of BCL2 family members on GC DLBCL cell lines
We investigated if differences in the expression of the prosurvival BCL2-like proteins BCL2, BCL-XL, and BCL-W and pro-apoptotic relatives BIM and BAX may explain the HhAntag). Toledo was the cell line with the lowest baseline expression of BCL2 and one of the cell lines more sensitive to apoptosis induced the combination of ABT-737 with HhAntag. We found that increasing concentrations of HhAntag did not significantly decreased the expression levels of BCL2 in GC DLBCL cell lines carrying the t(14;18) (DOHH2, SuDHL-4, OCI-LY19, and Toledo; Fig. 4b and f). However, treatments with HhAntag in HT-cells, GC DLBCL cells without the t(14;18), resulted in decreased of BCL2 protein levels in a concentrationdependent manner. These findings support the concept that the presence of the t(14;18) may be one factor that explain the lack of modulation of BCL2 after Hh signaling inhibition [15] .
Combined treatments of IC 20 -doses of ABT-737 with increasing concentrations of HhAntag and effect of the HhAntag treatment on the expression levels of BCL2 family members on ABC DLBCL cell lines
The IC 20 for ABT-737 at 48 h for OCI-LY10 and OCI-LY3 (ABC DLBCL cell lines) was calculated using Annexin V and PI assays and these doses were used for the combined treatments with HhAntag. As previously reported for cyclopamine-KAAD [15] , we noticed that ABC DLBCL cells were more sensitive to HhAntag than GC DLBCL cells as 5 μM of HhAntag resulted in almost 80 % of apoptosis in OCI-LY10 and in almost 60 % in OCI-LY3 (Fig. 5a ). In these two ABC DLBCL cell lines, adding small doses (<IC 20 ) of ABT-737 to increasing concentrations of HhAntag resulted in slight increase of the apoptosis rate but these differences (although statistically significant at the dose of 2.5 μM for OCI-LY10; p=0.015) were less pronounced than those seen in GC DLBCL cells (Fig. 5a) .
We previously have reported that the SMO inhibitor, cyclopamine-KAAD, decrease the mRNA and protein expression levels of BCL2 in ABC DLBCL cell lines but not in those of GC type with the t(14;18) [15] . Here, we also found that increasing concentrations of HhAntag decrease the expression levels of the prosurvival proteins BCL2 and BCL-W in OCI-LY10 and OCI-LY3 cell lines (Fig. 5b) . The decrease in the expression of BCL2 in DLBCL of ABC type is not an unexpected finding as Hh signaling is a direct transcriptional regulator of BCL2 expression [17, 18] . BCL-W (BCL2-like 2; BCL2L2) is a prosurvival protein located at chromosome 14. The reason of the modulation in the expression of this gene after treatment with HhAntag is unclear. If BCL2L2 gene is a downstream target of Hh signaling is unknown at this time. Altogether, these data support the concept that the resistance to apoptosis observed in most of the GC DLBCL cell lines to SMO inhibitors is determined, at least in part, by the expression of functional BCL2 family members and that the susceptibility of ABC DLBCL cells to apoptosis after SMO inhibitors is related to the decreased expression of prosurvival proteins. 
Discussion
A large number of cancers have been shown to have Hh pathway activation. Recently, we have found that Hh signaling is active and functional in DLBCL and that pharmacologic inhibition of Hh pathway induced cell cycle arrest in GC DLBCL cell lines and mainly apoptosis in those of ABC type [15] . However, the reasons for these differences are not clear.
Based on these previous findings, we sought to investigate if functional inhibition of BCL2 may increase apoptosisinduced by a Hh pathway inhibitor in GC DLBCL cell lines. For this, we used five GC DLBCL cell lines and SMO and BCL2 inhibitors developed by Genentech and Abbott, We have also shown expression of GLI1 and SMO in DLBCL tumors and provided evidence that the effects of SMO inhibitors in DLBCL are due to inhibition of Hh signaling pathway and not exclusively due to off-target effects [15, 16, 20] . We found that combining low doses of ABT-737 with HhAntag resulted in a significant increase of apoptosis in comparison with treatments with HhAntag alone. Our data support that the functionality of BCL2 family proteins is an important factor in determining the susceptibility to apoptosis induced by a Hh pathway inhibitor in DLBCL cell lines.
There were some discrepancies in the results obtained by the MTS assay and by the apoptotic assays, Annexin V and PARP1. MTS assays are based on the conversion of the tretrazolium salt, MTS, into formazan crystals by living cells, which are analyzed colorimetrically to determine mitochondrial activity [21] . Toledo and OCI-LY19 cell lines demonstrated consistently a very low baseline metabolic activity as we had to use high number of cells to get measurable optical density readings. We think that the baseline low-metabolic activity of these two cell lines contributes to explain the low sensitivity of the MTS assays to detect differences in cell viability between treatments. In Toledo cells, using a viability assay based on tryphan blue incorporation, Vi-Cell viability analyzer (Beckman coulter), we confirmed the significant effect on cell death of combining HhAntag with ABT-737 observed by Annexin and PI assays (Supplementary Figure 1) .
Several studies have highlighted the importance of BCL2 in the tolerance to apoptosis against Hh inhibitors and described that inhibition of Hh signaling decreased the expression of BCL2 in chronic myeloid leukemia [22] , low-grade B-cell lymphomas/plasma cell myeloma [23] , and pancreatic cancer [24] among others. Dierks et al. [23] showed that Hh pathway inhibition downregulates BCL2 expression in stroma-dependant lymphoma cells whereas overexpression of BCL2 rescues lymphoma cells from cyclopamine-induced apoptosis. The modulation of BCL2 expression by the activation status of Hh signaling is an expected finding as BCL2 is a direct downstream target of Hh pathway. Bigelow et al. and Regl et al. [17, 18] were the first in establishing a direct link between Hh and BCL2 expression, showing that the Hh-related transcription factors GLI1 and GLI2, but not GLI3, were able to activate the BCL2 promoter and that one important consequence of the deregulation of Hh signaling in basal cell carcinomas of the skin was the up-regulation of BCL2.
In a previous study, we found that Hh pathway inhibition with cyclopamine-KAAD induced decrease of BCL2 expression in ABC DLBCL cell lines but not in those of GC type [15] . These findings were also confirmed in the current study using HhAntag in two ABC DLBCL cell lines (OCI-LY10 and OCI-LY3). We hypothesize that one factor that may explain the differences seen in the modulation of BCL2 expression after Hh pathway inhibition between GC and ABC DLBCL cells could be the presence of the t(14;18). The rationale behind this hypothesis is that in the absence of the t(14;18), BCL2 expression is controlled by the BCL2 promoter and its transcriptional regulatory elements, including GLI1. However, in the presence of the t(14;18), one of the BCL2 gene moves from chromosomal 18 to chromosomal 14 to be transcriptionally overexpressed and controlled by the regulatory elements of the IgH promoter independently of GLI1 [25] . Supporting this interpretation, we found that in HT-cells [GC DLBCL cells without the t(14;18)] and in ABC DLBCL cell lines [cells without t(14;18)], increasing concentrations of HhAntag decreased, in a concentration-dependent manner, the expression levels of BCL2. Modulation levels of BCL2 expression by HhAntag was not seen in cell lines with the t (14;18) . However, additional factors may be also involved. The presence of somatic mutations of the BCL2 promoter, that frequently occur in follicular lymphoma or GC DLBCL [26] , may also prevent the control of the regulation of BCL2 expression by its regulatory elements and to contribute to explain the lack of the effect of inhibitors of Hh pathway on BCL2 expression [27] .
In summary, combining an Hh signaling inhibitor with low doses of ABT-737 resulted in increased apoptosis in most of the DLBCL cells of GC type. Our data support that the functionality of BCL2 family members is a factor in determining susceptibility to apoptosis induced by SMO inhibitors. These findings provide a rationale to explore the use of combining both inhibitors as adjuvant therapeutic agents to increase chemotherapy susceptibility to current or future protocols for GC DLBCL.
